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by 
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ABSTRACT 

During 1963 the U. S. Geological Survey, with the assistance of 

United ElectroDynamics, Inc . , recorded five separate reversed seismic 

profiles. In addition to these profiles, the U. S. Geological Survey 

participated in a seismic- cal i bration program for the DRIBBLE 

experiment at Tatum Dome, Mi ssissipp i, a 20, 000-pound shot near 

Dexter, Missouri, and in a cooperative se i smic experiment in t he Lake 

Superior region. This work is a continuation of the program started 

in 1961; however, the emphasis has shifted from a detailed study of 

the earth's crust in the western United St ates to a study of crustal 

structure in various geologic environments including the Wyoming 

thrust belt, Colorado Plateaus, Central Lowlands, the Gulf Coastal 

Plain, and the southern part of the Canadian Shield. The U. S. 

Geological Survey has now completed reversed seismic-refraction profiles 

in nine different geologic provinces. 

* Work performed under ARPA Order No. 193- 63. ** U. S. Geological Survey, Denver, Colorado. *** United ElectroDynamics , Inc., Pasadena, California. 
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These data present a promis ing indication that it may be possible 

to predict the crustal structure in unexplored areas by considering the 

regional geologic and physiograph ic envi ronment. 

The following Pn velocit i es have been determined: 8.2 km/sec in 

the Wyoming thrust belt, 7.9 km/sec in the Colorado Plateaus, 8.1 km/sec 

in the Central Lowlands, and about 8.2 km/sec in the Gulf Coastal Plain. 

The data from the Lake Superior region have not yet been interpreted. 
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DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 
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PRELIMINARY REPORT ON SEISMIC-REFRACTION STUDIES OF 

CRUSTAL STRUCTURE IN THE WESTERN, CENTRAL, AND 

SOUTHERN UNITED STATES* 

by 

J. C. Roller**, 0. P. Strozier***, W. H. Jackson**, 

and J. H. Healy** 

INTRODUCTION 

The U. S. Geological Survey has conducted, ~n behalf of VELA UNIFORM, 

three major field programs to study seismic traveltimes and crustal 

structure in the United States. The first of these programs was conducted 

from August to November of 1961; the second program, during the summer of 

1962; and the most recent program, between May 22 and June 28, 1963. 

This report is concerned pr i marily with operational procedures and pre-

liminary results of the recent 6-week recording program. The U. S. 

Geological Survey has also, during the past year, conduct ed a 10- day 

recording program in the vicinity of the Tatum Dome, Mississ ippi, to 

provide seismic-calibration data for the DRIBBLE experiment, in 

cooperation with the Lawrence Radiation Laboratory and the U. s . Coas t 

and Geodetic Survey. 

After the first field program, it was decided that preliminary 

results should be reported within a reasonably short time aft er 

completion of the field work. It was though t that the necessity for 

* Work performed under ARPA Order No . 193-63. ** U. S. Geological Survey, Denver, Colorado, *** United ElectroDynamics, Inc ., Pasadena, California. 
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making these results available to other ARPA groups warranted the 

incomplete interpretation that t ime limi tat ions required. It was 

decided to limit the interpretation almost exc lusively to a study 

of the first-arrival data on each of the r ecorded profiles. The 

first report appeared to give some assistance to ARPA and led to an 

orderly beginning of a more detailed and sys tematic study of the 

seismograms. Issuance of a preliminary report following the 

completion of a major field program was continued following the 

1962 field season (Roller and others , 1963) and with the present 

report. The results presented in earl ie r reports have required 

only minor modifications as the interpretation progressed, but 

because of the preliminary nature of these interpretations, the 

reports have been classified FOR OFFICIAL USE ONLY. Th e work was 

accomplished with the assistance of Uni ted ElectroDynamics, Inc., 

under the direction of the United States Geologi cal Survey, in 

accordance with U. S. Department of Interior Cont ract No. 14-08- 0001-

7634, dated June 29, 1961 (modified May 11, 1962, and May 17, 1963). 

PROGRAM OBJECTI VES 

The objectives of the Geological Survey's program of crusta l 

studies have undergone a change in emphasis as the program has 

progressed. During the initial stages of the program, the main 

objective was to obtain data on seismic traveltimes and the varia tions 

of traveltimes in different geologic envi ronments . Accordingly, the 

first field program was conducted in the complex geologic setting of 
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California and Nevada, even though it was realized that i t mi ght be 

extremely difficult to interpret the data in terms of crustal structure. 

The first f ield season's work met t he ob jective of determining the 

amount of variation in seismic traveltimes, and provided cons iderable 

information on the crustal structure of the region. In the second 

field season, more emphasis was placed on learning the de t ai ls of 

crustal structure and on sampling addit iona l geologic provinces . 

This second year of study provided detailed information on the crustal 

structures that had been i nvest i gated during the first s eason' s work, 

and demonstrated that there were major changes in crustal structure 

and in mantle velocities between geo l og i c provinces. 

The emphasis in the third season's work , which is discussed in 

this report, was to sample crustal structure in a number of different 

geologic provinces. Knowledge of crustal s tructure and mantle veloc i ty 

as related to the nature of geologic provinces could lead to an analog 

method for predicting crustal structure and mant le velocity in part s of 

the world that are not access ible for study. Regions sampled were the 

Colorado Plateaus, the Wyoming thrust belt, the Central Lowlands , t he 

Gulf Coastal Plain, and the southern par t of the Canadian Shield . 

There are, of course, many objectives that thi s program of study ha s 

attempted to meet. A detailed di scuss ion of objectives is not appropria te 

here, but the reader is referred to the references at the end of th i s 

report. These include all published and unclassified admini strat ive 

reports based on this work. 
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ROLE OF THE CONTRACTOR 

Because the U. S. Geological Survey wished to avoid an excess ive 

expansion in staff for a limited field program, and because it was 

realized that a major geophys ical contract company could br ing va luable 

experience and knowledge to the crustal- studies program, it was decided 

to seek the assistance of a contractor. A contract was negotiated with 

United ElectroDynamics, Inc., (UED) prior to the first field season, 

and UED has participated in each of the ma jor field programs . The 

assistance of UED in this program has al lowed a rate of progres s that 

would not have been possible with the small U. S. Geological Survey 

staff engaged in crustal studies. UED has provided observers and jun ior 

observers to operate five of the ten recording trucks; in addi tion, 

they were primarily responsible for scouting and locating shotpoin ts , 

obtaining shooting and access permits, insurance coverage , shot- hole 

drilling, shotpoint management , surveying, supplying and loading 

explosive charges, transporta tion, and many miscellaneous tasks nece s sary 

to maintain the uninterrupted progress of the field program. The 

combined operation of a gove rnment agency and a priva t e cont ractor 

presented some unusual management problems which we f ee l have been 

solved in an unusual and interesting management s tructure. The overal l 

administration and operational policies were established by the Chie f, 

Branch of Crustal Studies, U. S . Geological Survey, under whose direction 

there was established an integrated management structure ( Fig. 1). 
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. Branch of Crustal Studies, U.S.G.S • 
L. C. Pakiser, Branch Chief 

O.J. Stuart, Asst. 

I 
Interpretation Staff, U.S. G. S. Field Supervisor, U.S.G.S. Denver Seismic La bora tory, U.S.G.S. 

J. H. Healy, Chief W.H. Jackson R. E. Warrick 

I 
~ 

Field Interpretation, U.S.G.S. Permit Agent, 5 U.S.G.S. Recording Crews 
J.C. Roller U.E.D. Coordinator 5 U.E.D. Recording Crews 

0 . Strozier, U. E . D. 1 U.E.O. Shotpoint Recording Crew 

- I 
Shotpoint Supervisor 

I Survey Crew, U.E.O. 3 Drill Crews 
W. Taylor, U.E.D. 

2 U.E..D. Shotpoint Crews 

1 U.S.G.S Shot point Crew 

Figure !.--Field-organization chart 



SHOOTI NG AND RECORDING 

During the period from May 22 to June 28, 1963 , seismic-traveltime 

curves were obtained along 5 separate profi les ranging in length from 

290 to 880 km ( Fig. 2 ). 

Shotpoints were located at the ends of the profiles and at interval s 

of 150 to 200 km between the end point s , Charge sizes ranged from 1, 000 

lbs to 10,000 lbs of chemical explosives. A special 20,000-lb shot, 

designated BILLIKEN, was detonated near Dexter, Mi ssour i , as a cooperative 

experiment of St. Louis University, Stanford Research Institute, and the 

U. S. Geological Survey. 

Wherever possible, charges were detonated in lakes or rivers 

because of the increased energy transfer compared to drill holes. Three 

shotpoints were located in lakes and three in the Mississippi River. 

Seismic waves generated by the shots were recorded by 10 recording trucks 

located at approximately 10- to 12-km intervals along the profiles. The 

general scope of the crustal- recording program is summarized in Table 1 . 

PERMITTING 

After the selection of a genera l area, a physical exami nation of 

specific locations was made to determine the most suitable site for a 

shotpoint, and arrangements were then made formally to permit the site 

chosen. 

Most of the shotpoints were loca ted i n areas under the control of 

one or more government agenc ies who supplied special use permits for the 

work. Two shotpoints, BILLIKEN and St. Joseph, were on privately owned 

land and permission to use each of these sites was obtained from the land 

owners. All permits were obtained without charge . 
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EXPL,ANATION 
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Fig~re 2. - - Shotpoint Index Map 



Table 1.--Summary of Crustal- Recording Program 

Number of River Shotpoints 3 

3 

10 

Number of Lake or Reservoir Sh otpoint s 

Number of Drilled-Hole Shotpoints 

Number of Production Days {including 6 move days} 

Number of Shots (including two shots at DRIBBLE) 

Number of Seismograms Recorded 

Number of Kilometers of Profile Coverage 

Total Footage Drilled 

Number of Holes Drilled 

Number of Bits Used 

Drilling Mud Used (pounds) 

Primary Explosive Used: Nitramon WW 

Super Tovex Gel 

Primers Used : EL - 637 

HDP - 1 

Number of WW Boosters Used 

Number of Detonators Used 

Number of Vehicles on Project 

Approximate Total Vehicular Miles 

10 

30 

54 

543 

13,440 

79 

41 Rock Bits 

16 sets Blades 

4, ~(50 

95,350 lbs. 

140,520 lbs. 

272 

254 

276 

540 

31 

330}000 



Permitting of shotpoints started one month before field operations 

and continued essentially to the end of the program. 

Table 2 is a list of shotpoints and the agencies and individuals 

from whom the permits were obtained. 

DRILLING 

Shot-hole drilling was done by two-man teams (driller and helper) 

using truck-mounted Failing or Mayhew drills equipped for either air 

or water drilling. Each drill was accompanied by a 1000-gallon water 

truck for use when air drilling was not feasible. 

Ten shotpoints required drill holes (Table 3). 

Six-inch holes were selected as an optimum size. Hole depths were 

nominally 200 ft, but ranged from 120 to 250 ft, depending primarily on 

charge size, tamping requirements, and on the shotpoint medium. A brief 

discussion of the drilling conditions at each of the shotpoint locations 

is given below: 

1. Ansley. Holes were water-drilled to a depth of 200 ft in a 

delta deposit consisting mainly of sands and clays, the clay 

generally overlying the deeper sand section. Drilling was not 

difficult. 

2. Chinle. Holes were water-drilled to a depth of 200 ft in shale 

with sandstone ledges below 100 ft. Drill~ng was not difficult. 

3. BILLIKEN. A total of 10 holes were drilled to a depth of 120 ft 

to a contact between water-saturated sand and a coal seam of 

unknown thickness. Heavy drilling mud was necessary to keep 
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Shotpoint 

American Falls , Idaho 

Ansley, Mississippi 

Bear Lake, Utah 

Chinle, Arizona 

Billiken, Missouri 

Flaming Gorge, Utah 

Gladden, Missouri 

Table 2 .- -Shotpoint Permit s 

Agency, and/or Individual Contacted 

Mr. Robert L. Sa l ter , Asst. Director 
Idaho Department o f Fish and Game 
Boise , Idaho 

Mr. M. B. Austin, Regional Director 
Bureau of Reclamation 
Boise, Idaho 

Mr. Noble Mustin, Rea l Estate Division 
U. S. Army Engineer District, Mobile 
Mobile, Alabama 

Mr. Haro ld S. Crane, Director 
Utah Department of Fish and Game 
Salt Lake City, Utah 

Mr. Robert L. Salter, Asst. Director 
I daho Depart ment of Fish and Game 
Boise, Idaho 

Mr. Nelson Damon, Acting Chairman 
Navajo Tribal Council 
Window Rock, Ar izona 

Mr . W. F . Webb, Land Owner 
324 East Vine Street 
Dexter, Missouri 

Mr. B. P, Bellport, Ch ief Engineer 
Bureau of Reclamat ion 
Denver, Colorado 

Mr. Haro l d S. Crane, Dir ec tor 
Utah Department of Fish and Game 
Salt Lake City, Utah 

Mr. Andy McComkie, Fores t Supervisor 
U. S. Fores t Service 
Vernal, Utah 

Mr. C. L. Harr i son, Forest Supervisor 
Clar k National Forest, U. S. Forest Service 
Rolla , Mi ssouri 
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Table 2.--Shotpoint Permit s (continued) 

Shotpoint 

Hanksville, Utah 

Hannibal, Missouri 

Hercules, Missouri 

New Madrid, Missouri 

Agency, and/or Individual Contacted 

Mr . Maurice Ch ristensen, District Ranger 
U. S. Forest Service , Salem District 
Salem, Mis souri 

Mr . Rober t C. Krumm, Distr ict Manager 
Bureau of Land Management 
Rich field, Utah 

Lt. Col. H. B. Barke, Acting District 
Engineer 

U. S. Army Engineer District, St . Louis 
St. Louis, Missour i 

Cmdr. S. C. Putzke, Chief , Aids to Navi­
gat ion 

U. S. Coast Guard District , St. Louis 
St. Louis, Missour i 

Mr. Will i am T. Lodge, Director 
Illinoi s Department of Conservation 
Springfi eld, I llinois 

Mr. Wi lliam E. Towell, Direc tor 
Missour i Conservation Commission 
Jefferson City, Mi ssouri 

Mr . Henry W. DeBruin, Forest Supervisor 
Mark Twa i n National Forest 
U. S. Forest Service 
Spr ingf ield, Mi ssouri 

Mr. Bruce Elliott, Di strict Manager 
U. S. Fores t Service, Ava District 
Ava , Mi ssouri 

Capt. J ames F. Miley, Deputy District 
Engineer 

U. S. Army Engineer Dis t rict, Memphis 
Memph i s , Tennessee 

Mr. William E. Towell, Director 
Missouri Conservation Commission 
Jefferson City , Missouri 



Table 2.--Shotpoint Permits (continued) 

Shotpoint 

Oxford, Mississippi 

Raleigh, Mississippi 

Ste. Genevieve, Missouri 
and Illinois 

St. Joseph, Missouri 

Agency , and/or Individual Contacted 

Director, Tennessee Game and Fish Commission 
Nashvil le, Tennessee 

Comdr . S. G. Putzke, Chief-Aids to Navigation 
U. S. Coast Guard Di strict, St. Loui s 
St. Louis, Mi ssouri 

Mr. J. L. Roselle, Chie f - Real Estate Division 
U. S. Army Engineer District, Vicksburg 
Vicksburg , Missi ss ippi 

Mr. James McBroom, Re servoir Superintendent 
Sardis Res ervoir Area 
Sardis , Mi ss i ssipp i 

Mr. J. E. Franson, Forest Supervisor 
Bienville Nat ional Forest 
U. S. Forest Servi ce 
Jackson, Mississippi 

Mr. Ralph A. J acobson, District Ranger 
U. S . Forest Service, Strong River District 
Raleigh , Missi ssipp i 

Lt. Col. H. B. Barke, Act ing District 
Engineer 

U. S. Army Engineer District, St. Louis 
St. Lou i s, Mi ssour i 

Cmdr. S. G. Putzke, Chief-Aids to Navigation 
U. S. Coas t Guard Dis t r ict, St. Louis 
St. Louis, Mi ssour i 

Mr. Wi lliam T. Lodge, Director 
Illinois Depar tment o f Conservat ion 
Springf i eld, Illinois 

Mr. William E. Towell, Di rector 
Missour i Conservation Commission 
Jefferson City, Missouri 

Mr. Lewis Sonnenmoser, Land Owner 
Rushville, Mi ssour i 
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Table 2,--Shotpoint Permits (continued) 

Shotpoint 

Swan Lake, Missouri 

Agency, and/or Individual Contacted 

Mr. W. A. Elkins, Acting Regional Director 
U. S. Fish and Wi ldlife Service 
Minneapolis, Minnesota 

Mr. Leo Kirsch, Refuge Manager 
Swan Lake Natural Wildlife Refuge 
Sumner, Missouri 
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Table 3.--Shotpoint Locations 

Shotpoint Location Latitude 

*American Falls, 1,2 American Falls Reservoir, 42°50.14 1 

Idaho 

*American Falls, 3,4 American Falls Reservoir, 42°51.40 1 

Idaho 

**Ansley Ansley, Mississippi 30°16.02 1 

*Bear Lake Bear Lake, Utah 41°56.35 1 

**Chinle Chinle, Arizona 35°55.64 1 

-**DILL I V-EN Dexter, Missouri 36°43.00 1 

*Flaming Gorge Flaming Gorge Reservoir, 40°56.77 1 

Utah 

**Gladden Salem, Missouri 37°29.54 1 

**Hanksville Hanksville, Utah 38°21.99 I 

*Hannibal Mississippi River (near 39°34.09 I 
Hannibal, Missouri) 

**Hercules Bradleyville, Missouri 36°41.81 I 

*New Madri,d Mississippi River (near 36°26.36 1 

Portageville, Missouri) 

**Oxford Oxford, Mississippi 34°33.28 1 

**Raleigh Raleigh, Mississippi 32°04.46 1 

*Ste. Genevieve Mississippi River (near 38°00.40 1 

Ste. Genevieve, Missouri) 

**St. Joseph Rushville, Missouri 39°36.68 1 

**Swan Lake Sumner, Missouri 39°36.16 1 

. 
* Water shotpoint 
** Drilled-hole shotpoint 

16 

Longitude 

111°17 . 10 1 

91°20. 58 1 

110°55.64 I 

92°54.12 1 

89°33 . 13' 

89 °31.97 I 

89°36 .11' 

95°02.78 1 

93°11.89' 



the hole walls from col laps ing. A cavi ty was intentionally 

washed- out at the sand- coal contact . Drilling was not difficult, 

but lost circulation and hole-wall collapse were constant problems. 

4. Gladden. Holes were a i r- dr il l e d t o a depth of 200 f t. Th e t op 

110 ft consisted of sand, gravel stringers , clay, and sha le, 

underlain by 90 ft of dolomite . These holes were moderately 

difficult to drill, requiring rock bits for the dolomite section. 

5. Hanksville. Holes were air-drilled to a depth of 200 ft i n 

Mancos shale, with sandstone l edges below 100 ft . Drill ing 

was not difficult, although soft- formation rock bits were 

required to drill the shale as well as the sandstone ledges . 

6. Hercules. Holes were initially air-drilled to a depth of 200 ft. 

Holes that were required for an additional shot were drilled to 

a depth of 170 ft to reduce the time required for drilling . 

The holes were in hard l imestone and dolomite from the surface 

to total depth and numerous rock bits were required to complete 

the total number of holes required. Average drilling time per 

200 ft of hole was in excess of 24 hours . Of all shotpoints, 

this location was the most difficult to drill. 

7. Oxford. Holes were water-drilled to a depth of 200ft in a 

formation consisting of sand and clay . The holes were part i a l ly 

blind and required the use of drilling mud. Holes were 

moderately difficult to drill . 

8. Raleigh. Holes were water-drilled to a depth of 200 ft i n a 

formation consisting of sand and clay. Drilling was not difficult. 
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9. St. Joseph. Holes were water-drilled to a depth of 120 ft in 

water-saturated sand. Cavities were intentionally created at 

this depth by continuous circulation and washing.. Drilling 

was not difficult. 

10. Swan Lake. Holes were water-drilled to a depth of 120 ft. 

The section was clay to a depth of 10 ft, underlain by a 

water-saturated sand in which cavities were intentionally 

created by continuous circulat ion and washing. Although 

drilling mud was not required, drilling was moderately 

difficult. 

SHOTPOINT OPERATIONS 

Explosives were loaded by two-man teams consisting of a shotpoint 

manager and an experienced shooter. The charges were fired automati-

cally with an S.I.E., Model SCD 2000 BA blaster, which was activated 

by a chronometer at a pre-selected time. For safety control, the 

shooter was stationed at a position which afforded an unobstructed 

view of the entire shotpoint area. The spring-loaded safety switch on 

the blaster was held by hand in the "shoot" position until the 

detonation occurred. This allowed the shooter to open the circuit and 

• 
stop the shot at any moment preceding the actual detonation. 

Charges larger than 2000 lbs were fired in patterns; individual 

holes being separated at distances to provide partial surface-wave 

cancellation to minimize damage risk to surface installations. 

18 



Generally, charges of 2000 lbs were loaded in each hole. Caps and 

primers were placed at the bottom, middle, and top of each charge 

to ensure proper detonation. 

Pattern shots were used at water shot points. The size of the 

individual charge and the spacing between the charges was dependent 

on the water depth at the shotpoints. Data collected from previous 

season's operations were used as a guide in selecting the optimum 

charge size and spacing to avoid vent ing of the explosions. 

DuPont Nitramon WW in 50-lb cans was used for all water shots. 

These shots were detonated with DuPont EL-637 primers, WW boosters, 

and static-resistant electric blasting caps. 

DuPont "Tovex-Gel" and "Super Tovex-Gel" was used for drilled­

hole locations. Both Tovex-Gel and Super Tovex-Gel are slurry-type 

explosives; Super Tovex-Gel has a higher density. This explosive 

was selected because it completely fills the hole, improving shot­

hole efficiency, and minimizes the depth of hole necessary to contain 

the charge. These charges were detonated with DuPont HDP-1 primers 

and static-resistant electric blasting caps. 

Areas around most of the drilled-hole shotpoints required 

considerable renovation after the shoot ing had been completed. 

Large surface craters resulted at several of the holes where the 

charge had not been fully contained, and at others, small mounds or 

sinks were formed. Where necessary, bulldozers and loads of gravel, 

were used to restore the areas as nearly as possible to th e i r former 
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condition. The responsible agency or individual who gave permission 

to use the land usually made an inspection after renovation to 

ensure satisfactory restoration. 

SHOTPOINT REFRACTION-PROFILING 

Near-surface refraction data were ob t ained at 6 shotpoints: 

American Falls, BILLIKEN, Gladden, Hanksville, Oxford, and Swan Lake. 

A total of 18 spreads were recorded at these 6 locations. 

Twelve seismic traces and 2 timing traces were recorded by a 

Texas Instruments Company 7000-B recording unit. A spread length 

of 2.75 km with a geophone spacing of 250 meters (one Hall-Sears 

4.5 cycle · geophone per trace) was used. Spreads were laid out in 

as straight a line from the shotpoint as practical, and one to three 

seismometer positions were overlapped so that common trace times would 

appear on records from successive shots. The overall coverage 

depended on the number of shots at each of the shotpoints. 

Time-distance curves for the American Falls, Hanksville, and 

Oxford shotpoints are shown in Figures 3, 4, and 5, respectively. 

SURVEYING 

Surveying was limited to shotpoint locations and close-in 

recording-spread locations. 

Survey traverses for the location of shotpoints were made by a 

UED survey crew, using a transit , metric stadia rod, and 50-meter 

chain. Short vertical and horizontal traverses were run to the 
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drilled-hole locations from benchmarks or triangulation stations. 

Similar traverses were run to eetablish flagged positions on the 

lakeshores and river banks, from which the marker buoys in the lake 

or river were located . Shotpoints were plotted on topographic sheets 

to determine their l atitude and longitude. 

Shotpoint-refraction-spread locations were surveyed by the UED 

survey crew. Individual geophone positions were surveyed and 

horizontal distances between the geophone positions were determined 

both by chaining and by reading stadi a distances . Vertical and 

horizontal control for these spreads were tied to the shotpoints. 

The accuracy of the surveyed locations of both the drilled-hole 

and the lake and river shotpoints was considered to be within the 

limits of accuracy of third-order surveying. However, the possibility 

of small error exists in locating the position of the charge relative 

to the buoys in the lakes and rivers. In many instances, the distance 

from charge to buoy could not be precisely determined due to current, 

wind, and rough water. In those instances, the error may be as great 

as 50 meters, owing to the movement of the boat during loading and 

the consequent dragging of the rharge along the bottom of the lake or 

river. 

Geographic locations of a l l shotpo ints are shown in Table 3. 

Charge sizes and shot dates and times are listed in Table 4. 
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Table 4.--Shot Sizes, Dates , and Times 

Shot Number Date Size Time 

Flaming Gorge 1 5-22- 63 6,000 7:00:00.10 MST 
Flaming Gorge 2 5-23-63 4,000 6:59=59 .84 do 
Flaming Gorge 3 5-24-63 2, 000 7:09:59.79 do 
Flaming Gorge 4 5-25- 63 2,000 6:59=59.95 do 

American Falls 1 5-22- 63 2,000 8:00 :00.12 do 
American Falls 2 5-23-63 2,000 7: 50:00 ,04 do 
American Falls 3 5-24-63 4,000 8:59=59.02 do 
American Falls 4 5-25-63 6,000 7:30:00.21 do 

Bear Lake 1 5-22-63 4,000 8:30:00.35 do 
Bear Lake 2 5-23-63 2, 000 7:20:00.70 do 
Bear Lake 3 5-24-63 2,000 7 :30:00.19 do 

Hanksville 1 5-27-63 1,000 7:20:00.31 do 
Hanksville 2 5-27-63 2,000 10:30:00.31 do 
Hanksville 3 5-28- 63 2,000 7:20:00.26 do 
Hanksville 4 5-29-63 10,000 6:59:59.72 do 

Chinle 1 5-27-63 6,000 7:00:00.25 do 
Chinle 2 5-28-63 4,000 7:00:00. 05 do 
Chinle 3 5-29- 63 2,000 7:20:00.00 do 
Chinle 4 5-30-63 2,000 7:00: 00. 41 do 

Ste. Genevieve 1 6-7-63 2,000 8:00:00 .02 EST 
Ste. Genevieve 2 6-8-63 6 ,000 9:09:59.97 do 
Ste . Genevieve 3 6-19-63 6, 000 12:14:59·99 do 
Ste . Genevieve 4 6-20- 63 4,000 8:30:00.15 do 
Ste . Genevieve 5 6-21-63 2,000 8:00:00.61 do 

New Madrid 1 6-~r-63 6,000 12:09:29.46 do 
New Madrid 2 6-8-63 2,000 7:00:00.96 do 
New Madrid 3 6-9-63 6,000 ~r : oo : oo. 02 do 
New Madrid 4 6-22-63 6,000 5:59:59.93 do 

Oxford 1 6-8-63 6,000 7:40:00.97 do 
Oxford 2 6-9- 63 2,000 6:40:00.41 do 
Oxford 3 6- 11-63 6,000 5: 40 :00.34 do 

Ralefgh 5 6-10-63 6,000 4:59 :59.93 do 
Raleigh 6 6-11-63 3,000 5 :59:59.96 do 
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Table 4.--Shot Sizes, Dates , and Times (continued) 

Shot Number Date Size Time 

Ansley 3 6-12-63 8,000 5:00 :03 . 11 EST 

Hercules 1 6-19- 63 2,000 5 : 20:00 .18 do 
Hercul es 2 6- 20-63 4,000 5 :00 :00 . 13 do 
Hercules 3 6-21-63 6,000 5:00:00.15 do 
Hercules 4 6-27-63 8,000 7:40 :00 . 18 do 

Gladden 1 6-19-63 4, 000 6 :34 :59.96 do 
Gladden 2 6-20-63 2,000 5:20:00.05 do 
Gladden 3 6-21-63 4,000 5 :20:01.42 do 

St. J oseph 1 6-23-63 6,000 8:40:00.32 do 
St . Joseph 2 6-24-63 4,000 5:00 :00 . 10 do 
St. Joseph 3 6-25- 63 2,000 5 : 20:00 . 19 do 

Swan Lake 1 6-23- 63 4,000 5:20:00.25 do 
Swan Lake 2 6-24-63 2,000 5:19:00.99 do 
Swan Lake 3 6-25-63 4,000 5:00:00.07 do 

. Hannibal 1 6-23-63 2, 000 5:39:59-95 do 
Hanni bal 2 6-24-63 4,000 5:40:00.10 do 
Hannibal 3 6-25-63 8,000 5 :39 :59-97 do 

BILLIKEN 6-28-63 20, 000 5 :00 :00 . 13 do 
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CONCLUSIONS 

During the 1963 field season, a l arge amount of data was collected. 

These data will help to fu lfill many of the ba s ic objectives of the 

crustal-studies program as r ela t ed to a detection system. 

The U. S, Geologica l Survey has now completed reversed se ismic­

refract ion pr of iles in nine different geologic provinces. These data 

present a promis ing indication that i t may be possible to predict 

se i smi c- wave traveltimes in unexplored reg ions by considering the 

reg ional geolog ic and physiographic environment, without an extens ive 

geophysical program. Areas that have more recently been geologically 

act ive (e.g ., the Basin a nd Range province) usually have a lower mantle 

velocity than areas that have been stable in relatively recent geologic 

time (e . g ., the Central Lowlands and the Great Plains provinces of the 

Uni ted States or the lowlands and stable platforms of the U. S.S.R.) . 

Studies of the nature of seismic signals, such as first motion, 

attenuation with distance, frequency, and scatter can now be extended 

to include a wider va r i ety of crustal mode l s . Much of our work to date 

has been confined to the Cal i fornia-Nevada r egion. The study of one ' s 

ability to ob serve the direction of first motion of seismic energy~ 

an impor t ant c ri t erion in determining the na t ure of the source, can 

now be expanded to include dif ferent typ es and s izes of explosions in 

several geologic provinces. The attenuation of different seismic waves 

with d i stance in various geologic environment is related to these f i rst­

motion s tudies. From these data it may be poss ib le to determine which 

waves will be the most usefu l in detecting seismic sources a nd in 

p redic ting their nature. 



The efficiency of the shotpoints used during th e 1963 field season 

ranged from excellent at American Falls, I daho, to very poor at Oxford, 

Mississippi. Many of the poorer shotpoints generate more high-frequency 

seismic waves than do the more effic i ent shotpoints. A study i s planned 

to determine if a correlation exi s ts between the frequency spect rum o f 

the first motion and the di stance that f irst motion can be determined. 

Random scatter in arrivals is caused by near-surface geology, and 

to a lesser extent by elevation changes . The scatter i s much less i~ 

areas such as the Central Lowlands and Gr eat Plains, where t he sur f ace 

geology is simple, than in areas such as the Basin and Range province~ 

where surface geology is complex. Also, some of the scatter is related 

to inability to pick the first arrivals accurately. 

TIME-DISTANCE PROFILES 

The following sections of this r eport show the time-distance curves 

of the first arrivals recorded during the 1963 field season . Th e seismo­

grams contain many secondary events which have no t been evaluated at 

this time. The grading system used i s the same as that of Hea ly and 

others (1962). Generally, only seismograms having f irst arr ivals that 

can be timed with a reasonable degree of confidence have been used to 

construct the time-distance curves. The poor se i smograms will be used 

at a later date to study secondary events, wave amplitudes, and back­

ground noise. 
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American Falls, Idaho, to Flaming Gorge. Utah . --This profile 

extends from American Falls Reservoir in Idaho southeastward t o 

Flaming Gorge Reservoir in Utah. An intermediate shotpoint was 

located in Bear Lake near the Utah-Idaho border. Al l three of these 

shotpoints were efficient sources of seismi c energy, and American 

Falls was one o f the most efficient shotpoints used in the crustal­

studies program to date. 

In the distance range less than 200 km, the first - arrival times 

from American Falls on 12 fair-to-good seismograms can be fitted by 

a straight line indicating an apparent velocity for Pg of 6 . 20 km/sec 

(Fig . 6). The maximum deviation of the plotted times from this 

straight line is ± 0.4 sec. Between 200 km and 340 km, 13 fair 

seismograms define an arrival identified as Pn, which can be fit by 

a straight line with an apparent velocity of 8.20 km/sec. Most of 

the points fall within ± 0.5 sec of this line. One point 299 km 

from American Falls appears to be 0.8 sec early . This anomalous 

time may be caused by an error in location resulting from poor map 

control in this area . 

The first-arrival times from Flaming Gorge can be approximated 

by three straight-line segments . Near the shotpoint an apparent 

velocity of 4.6 km/sec is defined by 3 arrivals of good quality . 

These events are interpreted as arrivals from a thick sedimentary 

section. Between 8 km and 195 km from the shotpoint, 13 se i smograms 

of good-to-fair quality define an apparent velocity of 6.45 km/sec. 
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This arrival is identi fied as P • 
g 

The apparent velocity of Pg from 

Bear Lake is 6.0 km/sec. These velocities for Pg' together with the 

apparently-thick sedimentary section at Flaming Gorge, indicate a 

thinning sedimentary section between Flaming Gorge and Bear Lake. 

This i nterpretation suggests that the true velocity of 

km/sec which compares with the 6.2 and 6,1 velocity of 

P i s 6.2 g 

Pg recorded 

between American Falls and Bear Lake. In the distance range, 200 to 

320 km, the first arrivals on 9 seismograms of poor-to~fair quality 

are identified as Pn with a velocity of 8.15 km/ sec. Because of the 

large scatter in these data, this velocity could be in error by ± 0.2 

km/sec. 

An apparent velocity for Pg of 6.1 km/sec is defined northwest 

of Bear Lake by 11 fair-to-good seismograms . A 6.0 km/sec apparent 

velocity is indicated by 11 se i smograms of fair- to- good quality 

recorded from Bear Lake to Flaming Gorge . 

A true Pg velocity of 6.2 km/sec and a true Pn velocity of 8.2 

km/sec are indicated for this region. 

Hanksville, Utah, to Chinle, Arizona.~-This profile extends 

northward from Chinle, Arizona, to a point 50 km beyond Hanksville, 

Utah, and is entirely within the Colorado Plateaus province. Shot s 

at both the Hanksville and Chinle shotpoint s generated relatively-

weak seismic signals, but the unusually low background noise in this 

area made it possible to record these weak signals at distances 

sufficient to complete the profile. 
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An apparent velocity for P of 6.2 km/sec is defined by 23 seismo­g 

grams of generally-fair quality between the Chinle shotpoint and a 

point 235 km toward Hanksvil l e (Fig. 7). The time residuals are ± 0.3 

sec. Beyond 235 km, 9 recor dings of poor - t o- fa i r arr ivals are 

identified as Pn with a velocity o f 7. 8 km/ sec . 

Between Hanksville and a point 240 km toward Chinle~ 15 seismo-

grams of generally-fair quality record arrivals that are identified 

as Pg with an apparent velocity of 6.25 km/sec. Beyond 240 km, only 

3 seismograms have recognizable first arrivals . These events are 

thought to be Pn arrivals but the data are too poor to estimate a 

reliable Pn velocity. Seismograms recorded on this profile contain 

coherent secondary arrivals that will help to delineate crustal structure 

and velocity in a more detailed analysis. 

Ste. Genevieve, Missouri, to New Madrid, Missouri.--This i s one of 

a long line of profiles that extends from a point in the Mississ i ppi 

River near St. Louis, Missouri, to a point at Ansley, Miss i ssippi, a 

short distance north of the Gulf of Mexico. High seismic-noise levels 

were a serious problem along the entire profile. Seismic noise produced 

signals from the seismometer t hat reached 100 microvolts at many of the 

recording locations. This noise level can be compared with t hose o f 1 

microvolt or less in the Colorado Pl ateaus profile. Some improvement 

in the signal-to-noise ratio was achieved by filtering and by firing 

the shots during the early morning hours when the noise caused by wind 

and human activity was at a min imum. The New Madrid and Ste. Genevieve 

32 



~ ... 0 100 '200 300 

50~ y 50 

' 
--~ 

'~ "' .. 
~ 

40 40 

' 
"' 

' ~ ... 
... , 

'iii ~ / ., ' c:: 30 ' / 30 
0 '~ / u 
CD 
~ 

Vl 
Vl CD 

E 
i= 

c. - ?6l 
20 l"'e / ~ 

..f. 20 
'+-~ ""--s 

'09 
<!>c 

... 
/ ... ~~"- .... 

/ c. .f"" '- ' 
"'/ l"'e ~ ~ 

A. -..~ 
<!>c " 

10 ~ ' 
~ !0· "'- 10 

/ ' '- , 
/ / · ~ 

, , ' , 
100 200 ' ,, 300 

Hanksville Chinle 

Distance (kilometers) 

Figure 7.~=Time~ di s tance pr ofileJ Ha nksvi l le, Utah, to Chinle, Arizona 



shotpoints were in the Mi ss i ss ippi River a t dep ths o f 50 and 25 feetJ 

respectively. Both were cons idered to be average in shotpo int 

effic i ency. 

For shots a t New Madr id, an appar ent velocity for Pg of 6.3 

km/sec is closely defined by 8 se i smograms of fair-to-poor qua lity 

with time residuals on the straight-line fit usually less than ± 0 .2 

sec (Fig. 8) . The Pn arrival recorded on 5 poor seismograms suggests 

a velocity of 8.3 km/sec. 

For shots at Ste . Genevieve , an apparent velocity for Pg of 6.2 

km/sec is defined by 8 seismograms of fair-to-poor quality . Arrivals 

of Pn recorded on 2 seismograms of poor quality suggest a veloc ity of 

8.3 km/sec. 

New Madrid, Missouri, to Oxford, Mississippi .-- The shotpoint a t 

Oxford was a very inefficient source of se i smic energy. No recogniz= 

able seismic signals were recorded from this shotpoint beyond a po i nt 

25 km to the north, or a point 90 km to the south (Fig . 9). Charges 

were fired in water-saturated clay, that normally provides a good 

shooting medium. 

An apparent velocity for P of 6.2 km/sec i s defined by 5 fair­g 

to-poor seismograms recorded from the New Madrid shotpoint t oward the 

south. An arrival with an apparent velocity of 7.5 km/sec was recorded 

at distances beyond 160 km. This velocity is abnormally low for a Pn 

arrival and may represent dip on the M-discontinuity or arr ivals from 
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an intermediat e- velocity layer. Unfortunately, the poor energy 

transmission at the Oxford shotpoint prevented reversal of apparent 

velocities in this area . The seismograms that define the 7.5 km/sec 

velocity are of poor quality . 

Oxford , Mississippi, to Raleigh , Mi ss i ssipp i.--An apparent 

velocity for Pg of 6 . 1 km/sec is defined northward from Raleigh by 

6 seismograms of poor-to-fair quality (Fig . 10) . An apparent velocity 

for Pn of approximately 8.0 km/sec is defined by 4 seismograms o f 

poor quality . Poor quality of the seismograms i s at tributed pr i mar ily 

to the extremely- high seismic- noise levels . The Raleigh shotpoint is 

the northernmost shotpoint on the profile recorded across the DRIBBLE 

site. Data recorded between Raleigh and Oxford, when combined wi th 

recordings of the nuclear shot at the DRIBBLE site, should permit a 

more detailed interpretation of crustal structure and mantle veloc ities 

in this area. 

Hercules, Missouri, to Ste. Genevieve, Missouri.--This profile , 

which was recorded as a cooperative experiment with St . Louis Un i versity, 

extends from a point near Hercules in the Ozark Plateau 290 km northeast 

to Ste. Genevieve in the Central Lowlands, wi th an intermediate shotpoint 

at Gladden . All three of these shotpoint s are class i f i ed as good. 

An apparent velocity for Pg of 6 .0 km/sec is defined by 17 good- t o­

fair seismograms recorded to a distance of 187 km from Hercules toward 

Ste. Genevieve (Fig. 11). · Beyond 187 km, events on 10 fair se i smograms 

are identified as the Pn arrival with an apparent velocity of 8 . 2 km/sec. 
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An apparent velocity for Pg of 6.3 km/sec is defined by 21 good­

to-fair recordings for a distance of 210 km toward Hercules from 

Ste. Genevieve. At distances beyond 210 km, arrivals on 6 poor-to­

fair recordings are identified as Pn with an apparent velocity of 

7.85 km/sec. 

An apparent velocity for Pg of 5.95 km/sec from Gladden toward 

Hercules is defined by 13 good-to-fair recordings. An apparent 

velocity for Pg of 6.10 km/sec is defined by 13 good-to-fair 

recordings from Gladden toward Ste. Genevieve. The scatter in arrival 

times from all of these profiles is very small. Most of the arrivals 

have time residuals of less than 0.2 sec from the best s·traight-line 

fits to the traveltime curves. 

St. Joseph, Missouri, to Hannibal, Missouri.--This profile, which 

also was recorded as a cooperative experiment with St. Louis University, 

extends from a point near St. Joseph eastward to Hannibal for a distance 

of 330 km with an intermediate shotpoint at Swan Lake, Missouri. All 

three of these shotpoints were classified as good. This profile is 

entirely within the Central Lowlands province. 

An apparent velocity for Pg of 6.1 km/sec is defined by 17 fair­

to-good recordings for a distance of 200 km from St . Joseph toward 

Hannibal (Fig. 12). Beyond the Pg-Pn crossover an apparent Pn velocity 

line of 8.15 km/sec is defined by 9 recordings of generally-fair quality. 

The scatter in these data is small. 

An apparent velocity for Pg of 6.1 km/sec is defined by 17 fair­

to-good recordings for a distance of 195 km from Hannibal toward 

St. Joseph. An apparent velocity for Pn of 8.1 km/sec is defined by 

12 poor-to-fair recordings. The scatter in these data is small. 
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An apparent veloc i t y f or P of 6 , 0 km/ sec i s de fined by 12 records 
g 

of fair-to-good qual i ty f r om Swan Lake wes t ward toward St. J oseph, and 

an apparent velocity for Pg of 6.1 km/ sec i s def ined by 15 fa i r - to-

good recordings from Swan Lake t oward Hanni bal. The scat t e r i n the se 

data is very small, as mos t point s f a l l with i n ± 0 .1 sec of t he l i nes . 

No discussion of the da t a r ecorded from the BI LLIKEN and Ans ley 

shotpoints are included in this report , as separate preliminary reports 

will be prepared on these data. 

PRELIMINARY SEISMI C-REFRACTION STUDIES FOR PROJECT DRIBBLE 

The major objective of project DRI BBLE i s to evaluate the 

feasibility of seismically decoupling a nuclear exp l osion by f i r ing at 

the center of a large cavity . In project DRIBBLE a 100-ton shot will 

be fired in a cavity of salt and will be compared with another 100-ton 

shot tamped in salt. The mechani sm of decoupling wi ll be studied by 

recording the ground motion near the shot s i n t he sa lt and by study ing 

the seismic waves that a r e propagat ed out of the sa l t and are recor ded 

at distances less than 200 km from t he s i te of t he explosion. The s i t e 

of the detonations i s the Tatum sa l t dome , which appear s to be a typical 

Gulf Coast salt dome that has int ruded Me sozoi c and Ceno zo i c s ediment ary 

rocks to within 1500 ft of the sur face. 

It was recognized that the se i smi c record ing p rogram for the de-

coupled and coupled explosions in sal t was faced with two serious 

difficulties: first, for recordings at di s t ances l ess t han 30 km, t he 

seismic energy will propaga t e latera lly t h rough a complex sediment ary 

section which alters the shape of t he sei smic waves; second, a t di stances 
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greater than about 30 km, the s ignal from the decoupled shot is of the 

same order as the average seismic-noise level in this region. The 

preliminary seismic-refraction program, which was conducted in cooper­

ation with the Lawrence Radiation Laboratory and the U. S. Coast and 

Geodetic Survey, was designed to evaluate these problems and to pr ovide 

data for the design of seismic-recording programs so that these di ff i ­

culties could be minimized. 

The experiment was designed to compare the propagation of a shot 

fired in salt to the propagation of a shot fired at shallow depth off 

the dome. The field operation for this program was carried out dur ing 

an intensive 10-day recording program, followed later by a 2-day 

recording program to record high-explosive shots fired in the salt dome. 

Results of this program have been reported in a letter report of limi ted 

distribution and will only be summarized here. It was determined that 

the seismic efficiency of a shot in salt was far below the comparab le 

efficiency of a shot in sediments near the surface. Deep burial in salt 

apparently has the effect of raising the seismic energy into the high­

frequency part of the spectrum and this energy is, in turn, rap i dly 

attenuated on propagation. The relatively-low signal expected from the 

100-ton decoupled shot in salt , therefore requires that recording units 

be placed within about 30 km of the dome. Distortion of the wave shape 

by lateral propagation through a sedimentary section seriously distorts 

the seismic signals at distances less than 10 km from the dome, but in 

the distance range between 10 and 30 km from the dome, satisfactory 

recording locations can be found. 



Shots were f i red at 5 l ocations along a l ine ext end i ng nor t h from 

the Gulf Coast through Tatum Dome ( labe l ed DRIBBLE i n Figure 13) . The 

shotpoints were spaced about 50 km apart and designa~ed Ansley (A), 

McNeill ( M), DRIBBLE ( D) , Collins (c), and Raleigh (R) , fr om south to 

north. The shotpoints, with t he exception o f DRIBBLE, wer e named after 

nearby Mississippi towns . The pre liminary interpretat i on of the travel= 

time data is presented in Figure 14. 

LAKE SUPERIOR EXPERIMENT 

During the month of July, the U. S, Geolog i cal Survey part icipated 

in a cooperative seismic experiment i n the reg i on of Lake Super ior , and 

not as a part of VELA UNIFORM. The work is reported herein, however, 

because of general interest and its relation to VELA UNIFORM objectives . 

This experiment was organized and financed by a group of American and 

Canadian universities, government agenc i es, and non-prof i t research 

institutions, with the support of the Nat ional Science Foundat i on. The 

Geological Survey provided 8 recording uni ts which were set up as t wo 

arrays: one near the western shore o f Lake Super i or i n the vicinity of 

Duluth, and the other on the Keweenaw Peninsula . Shots were f i r ed 

along a line extending from t he wes t ern shore of Lake Super ior , pa st the 

Keweenaw Peninsula, to the eastern shore of the Lake on t he Canadian 

border. More than 70 shots were f i red i n this experiment , and the da t a 

obtained is of generally high quality . The interpretat i on of these 

data awaits the tedious job of working up the shotpoint positions from 
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hydrophone data . Preliminary examination o f t he se i smo.gr·ams indicates 

that the experiment will provide de t ai l ed knowledge of crustal struc ture 

in this region, and an opportunity to evaluate the applicability of 

various array-proc ess i ng technique s to t h e identi f i ca tion of se i smic 

phases and the study of crus t a l s t r uctur e. 

GENERAL SUMMARY 

Table 5 presents the time-distance curves in terms of intercep t 

times and velocities. 

The velocities of Pg range from 5.95 t o 6. 45 km/sec and a verage 

6.1 km/sec. The velocities of Pn range from 7.5 to 8.3 km/sec , a nd 

average 8.0 km/sec. The 7.5 km/sec velocity from New Madrid to Oxford 

is probably not a true P velocity . n 

Table 6 presents a statistical summary of first-arrival times a t 

50 km intervals along the prof i les . The mean deviation of first -

arrival times average approximate l y 0.5 seconds, and the maximum 

deviations range as h i gh as 1.8 s ec. 

Figure 15 shows the grades of the records for 50 km i ntervals . 

The seismograms from the Gulf Coasta l Plain are much poorer than t hose 

from the other provinces invest i gated. Th is was the resul t o f poor 

shotpoint efficiency and of h i gh background noise . 



Table 5. - -Ti me-Distance Data in Terms of Int ercept Times and Veloc i t i es 

Profile 

Ch ~nle to Hanksville 

Hanksville to Chinle 

p 
n 

sec sec 

0 .7 +~/6 . 1 8. 8 +~/7.8 

1 .1 +~/6. 25 9. 4 +~/8 . 0 

Remarks 

P well defined 
n 

Pn velo('.i t y 
poorly de f ined 

American Falls to Flaming Gorge 1.9 +~/6 . 2 9.2 +~/8 . 2 Both Pn & P wel l 
defined g 

Flaming Gorge to American Falls 2 . 4 +~/6 . 45 8 . 5 +~/8 .15 Both Pn & Pg well 
defined 

Bear Lake - American Falls 

Bear Lake - Flaming GOrge 

Raleigh to Oxford 

New Madrid to Oxford 

Ste. Genevieve to New Madrid 

New Madrid to Ste. Genevieve 

Herc~les - Ste. Genevieve 

Ste . Genevieve - Hercules 

Gladden - Hercules 

Gladden - Ste . Genevieve 

St. Joseph - Hannibal 

Hannibal - St . Joseph 

Swan Lake - Hannibal 

Swan Lake - St. Joseph 



Tabl e 6 , ~ a Stat i s t ica l Summary of Firs t - Arrival Times 

Distance in km 

50 100 150 200 250 300 
Profile Ti 'Hle in seconds 

Flaming Gorge - American Falls 10.1 17.7 25.5 33 . 1 39.2 45.4 
American Falls - Flaming Gorge 9.4 17.4 25.5 33.6 39.7 45.8 
Bear Lake- American Falls 9.2 17.6 25.9 
Bear Lake - Flaming Gorge 9.2 17.6 
Hanksville - Chinle 9.1 17.1 25.1 33.1 40.7 47.0 
Chinle - Hanksville 8.7 16.9 25.0 33.0 40.6 47.2 
New Madrid - Ste. Genevieve 8.8 16.7 24.7 32.6 39.3 
Ste. Genevieve - New Madrid 8.6 16.2 24.6 32.5 38 . 8 
New Madrid - Oxford 9.1 17 . 1 25.1 32.1 
Raleigh - Oxford 10.7 18.9 26.9 33.1 
Hercules - Ste. Genevieve 8 . 6 17.0 25.2 32.8 39.1 
Ste. Genevieve - Hercules 8.5 16.5 24 . 4 32.4 39 .3 
Gladden - Ste. Genevieve 8.5 17.8 

Gladden - Hercules 8.6 17 . 1 
St . Joseph - Hannibal 8.6 16.8 25.1 32 .9 39.1 45.2 
Hanni bal - St. Joseph 8.4 16.6 24 .6 32 .6 38 .6 45.1 
Swan Lake - Hanni bal 8 . 4 16 . 5 24 . 6 

Swan Lake - St. Joseph 8 .4 16 .7 25 . 0 

Avera ge 8 .9 17 . 1 25 . 1 32 . 8 39 . 4 46 . 0 
Mean devia tion 0 .46 0. 47 0. 35 0 . 40 0. 46 0 .78 
Tota l range 8 . 4- 10.7 16 . 2- 18.9 24 . 4-26 .9 32 . 1-33 . 6 38. 6- 40 .7 4.51- 47 . 2 -
Max. devia tion 1. 8 LL . 1.8 0 . 8 1.3 1.2 -
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